Atmospheric density, especially low values thereof, is important to aircraft takeoff and landing operation. Such extreines must be considered in aircraft design and are therefore to be included in MIL-STD-210B. This ,locument provides environmental design criteria to designers of military equipment, and requiros for the most extreme area and month, values of low density that are equalled or surpassed during, 1, 5. 10, and 20 percent of the time for ground elevations up to 15,000 feet. Typical temperatures accompanying these values, needed for engine pcwer calculations, are also required. This report provides these densities and temperatures. In addition, empirical equations, being used by the USAF Environmental Technical Applications Center. for estimating extremes of low density near the ground, are evaluated.
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Unclassified. Another problem related to establishing specific design criteria has been the absence of USAF staff guidance on the highest ground elevations at which various types of aircraft possessing "worldwide" capability must operate. Values of elevations used for design have varied greatly I and aircraft have been often called upon to operate in climatic areas under conditions at or beyond their density design lirits . Prerequisite air staff guidance on the family of elevations for operatio, -f the several types of aircraft has been requested 3 but no authoritative source of such information has yet responded.
This report provides values of low density (with concurrent temperature) from the most extreme month in the most extreme area, that are equalled or surpassed during 1, 5, 10, and 20 percent of the time for ground elevations to 15,000 feet. This, the highest elevation being contemplated for operation by the U.S. Army (Sissenwine and Gringorten, 1969) , should also be reasonably close to the highest elevations, contemplated for takeoff and landing of any Air Force aircraft but probably far higher than applicable to massive bombers and transports.
Density is not measured per se but can be calculated from coincident observations of temperature, relative humidity, and pressure. Since such coincident observations are not available for many stations, the practice 4 of the USAF Environmental Technical Applications Center (ETAC) has been to estimate the surfacelevel density extremes from empirical equations developed by Kochanski (1961). These require the monthly mean of daily maximum and minimum temperatures, relative humidity, and pressure. This approach was not used in this study for two reasons. One, MIL-STD-210B requires the 1 percent density extreme and the empirical equations provide only the 5, 10, and 20 percent extremes. Two, the equations were developed with data from 15 stations and tested against data from 15 other stations; of these stations, only 3 were from areas having extremely low densities and only one had an elevation above 4000 feet. Therefore, although the equations were shown to provide excellent results for both the development and test samples, their utility for estimating density extremes for areas of the world noted for low density and for elevations up to 15,000 feet was not known.
Consequently, this study used actual density distributions to determine the 1, 5, 10, and 20 percent extremes. The utility of the empirical equations for estimating density extremes for these same stations was then also determined.
DATA
Choosing the areas of the world and month with lowest density for elevations to 15,000 feet is not straightforward as surface densities are not routinely calculated and published, However, an examination of the perfect gas law (p = P/RT*, where pis density, P is pressure, R is the gas constant, and T* is virtual temperature) and knowledge of the magnitudes and the possible percent variation of the variables which determine density, lead to the following reasonable assumption: Density extremes for a given elevation will occur at stations having extremes of high temperature; low pressure and high humidity being much less important. For a given station/month, the Data Processing Division of ETAC (Asheville, NC) computed densities from coincident observations of station temperature, pressure, and humidity for each hourly observation available within the period of record noted in Table 1 . Coincident station pressure when not available was computed from either sea-level pressures, 850-mb heights, or 700-mb heights as indicated in Table 1 . These computed densities were then ranked, and the low densities equalled or surpassed in 1, 5, 10, and 20 percentiles of the observations for a particular station/month determined. The mean temperature of the observations associated with each of these percentiles at each station was then computed. For example, if the 1 percentile density at a particular location is equal to A, and five observations had density values equal to A, then the associated mean temperature value would be the mean temperature of the five observations with a density value of A.
PROCEDURE
The 1, 5, 10, and 20 percentile densities for each station/month and associated mean temperatures were plotted as a function of station elevation and examined for internal consistency. This examination indicated that densities from nine stations appeared to be grossly too low. Before rejecting these outright, the 5, 10, and 20 percentile densities were compared with estimates of these same percentile computed using the empirical estin ting equations 1 . These comparisons confirmed the original appraisal, and the stations were excluded from further analysis (these nine stations are marked with an asterisk in Table 1 ). Six of the nine indicate an average of less than two observations per day; this would account for the bias toward lower than reasonable densities if the one observation were taken near midday. No reasons for the low densities are apparent at the three remaining stations; perhaps computational and/or coding errors were involved. Rather than plot density versus elevation to determine the worldwide envelope for the 1, 5, 10, and 20 percentile density extremes for the remaining 39 stations, the percentile densities at each station were converted to and plotted in terms of percent departure from the standard density (COESA, 1962) for the altitude corresponding to the station elevation. This was done because the magnitude of the normal decrease of density with altitude tends to mask the variation of density extremes with height. Standard densities to 15,000 feet are given in Table 2 . 1. Section 5 shows that the use of these equations to estimate worldwide densiv extremes for elevations to 15,000 feet results in rms errors significantly greater than found by Kochanski (1961). However, these errors are still much smaller than the apparent errors in the data from the nine stations.
4 RESULTS
Figure 1 contains a plot of the 1 percentile densities for the 39 stations. Also included on Figure 1 is a quasi-envelope for these values with two points falling outside of the envelope. However, the envelope was drawn within the purpose and philosophy of MIL-STD-210B of finding worldwide extremes that are generally "representative" of an/area or condition rather than anamolies. The envelope as drawn fulfills that function and is recommended. It is recognized that other locations and/or months might be uncover'ed that could conceivably alter the envelope, but such a change would be small since the sample of data used is quite representative of the near-ground. extreme low densities over the world. The envelope was not drawn independently of the other percentiles. Similar point plots'for the 5, 10, and 20 percentiles were constructed and examined collectively, and then the envelopes were drawn. The recommended percentile curve shows a density that Is 12 percent below standard from sea level to 6000 feet, This negative departure then decreases linearly with ground elevations approximately 0.4 percent per 1000 feet up to 15,000 feet. It is of interest to compare this 1 percent envelope of near-ground densities for elevations to 15,000 feet with the envelope of "free-air" densities for comparable altitudes (1 km and above) being recommended for MIL-STD-210B (Richard and Snelling, 1971). Figure 2 shows that near-ground density departures are much more extreme than free-air densities. This elucidates the problems mentioned in Section 1, that of assuming free-air densities as representative of surface densities in design. Two other points are worth noting: (1) the slope in percent departure from standard above 6000 feet for the 1 percentile near-ground curve is comparable but somewhat less than in the free-air case, and (2) the free-air density departure from standard below 6000 feet appear to be not extreme enough when compared to near-ground departures. The point at 1 km (3280 feet) which governs the shape of the free-air envelope below 6000 feet, represents the 1 percentile density over north-central United States. Free-air densities at altitudes below 6000 feet over regions where near-ground density extremes occur -northern Africa and the Middle East -might conceivably show greater departures than indicated on Figure  2 , but radiosonde data are not available to show this. Figure 3 is a composite figure presenting the 1, 5, 10, and 20 percentile worldwide "worst" area and month, low density extremes for elevations to 15,000 feet for MIL-STD-210B. The 5, 10, and 20 percentile envelopes have shapes similar to the 1 percentile envelope. The-5 percentile curve shows a constant -11.5 percent departure from standard density up to 6000 feet, the 10 percentile curve a constant -11.0 percent, and the 20 percentile curve a constant -10.5 percent. 
EMPhICAL EQUATION EVALUATION
Empirical equations for estimating the 5, 10, and 20th percentiles of air density at station level were developed and tested by Kochanaki (196 1) and have been used in place of actual density distribution. As a by-product of this study, the equations were further evaluated since the necessary data were on hand for 21 of the 39 stations used in the basic study. Table 3 provides the results of this evaluation. Presented are the rms and extreme errors found by Kochanski in hiu evaluation, using independent data from 15 stations, and those found for the 21 stations used in this study. Looking at the 5 percentile values, this study shows rms errors over six times greater than those found by Kochanski; although it must be emphasized that the units of error are grams per cubic meter. The rms error when expressed as a percent of the magnitude of near sea-level density is thus only an error of about 2 percent. (21) is less then the 39 used in Section 3 because the data needed to use the empirical equations were readily available for only 21 of the 39 stations.
To investigate the contribution of elevation to the rms error, the 21 stations were divided between those above and those below 5000 feet, and then the rms and extreme errors were computed for this stratification. These results are also given in Table 3 , and they indicate that the use of the equations would result in rms errors nearly twice as great above 5000 than below 5000 feet. This is especially significant since the percent error would be much greater above 5000 feet because of the normal decrease of density with increasing altitude. This corroborates initial doubts as to the applicability of the equations to estimate density extremes at elevations significantly higher than stations used in the equation developmental sample.
As a further check into the effect of altitude on the accuracy of the estimating equations, rms and extreme errors were computed for only stations with elevations undr 1100 feet. This elevation limit was chosen because all of the stations in Kochanski's independent test sample were below 1100 feet. These results, also given in Table 3 Kochanski's errors. However, these stations were chosen on the basis of having extremely low densities whereas Kochanski's stations were not.
Had the empirical equations bteen u3ed to estimate the envelope of 5 percentile density extremes for ground elevatioiw to 15,000 feet, the curve labelled "516 From Empirical Equations" in Figure 5 would have been obtained. Also on Figure 5 is the 5 percentile envelope from the density iistributions themselvas. The empirical equations increasingly overestimate the percent departures from standard density from the surface to 15,000 feet. 
